Abstract. The aim of this study was to improve the solubility and oral bioavailability of clozapine (CLZ), a poorly water-soluble drug subjected to substantial first-pass metabolism, employing cyclodextrin complexation technique. The inclusion complexes were prepared by an evaporation method. Phase solubility studies, differential scanning calorimetry, X-ray powder diffraction, and Fourier transform infrared spectroscopy were used to evaluate the complexation of CLZ with hydroxypropyl-β-cyclodextrin (HP-β-CD) and the formation of true inclusion complexes. Characterization and dissolution studies were carried out to evaluate the orally disintegrating tablets (ODTs) containing CLZ/HP-β-CD complexes prepared by direct compression. Finally, the bioavailability studies of the prepared ODTs were performed by oral administration to rabbits. The ODTs showed a higher in vitro dissolution rate and bioavailability compared with the commercial tablets. It is evident from the results herein that the developed ODTs provide a promising drug delivery system in drug development, owing to their excellent performance of a rapid onset of action, improved bioavailability, and good patient compliance.
INTRODUCTION
Clozapine (CLZ), a potent antipsychotic with favorable pharmacodynamic properties, is widely used to suppress both the positive and the negative symptoms of schizophrenia, mania, and neuroleptic responses (1) . However, CLZ can be classified as a class II drug according to the Biopharmaceutics Classification System, owing to its good permeation properties through biological membranes and low aqueous solubility. Its poor aqueous solubility may represent an obstacle for absorption and its bioavailability is limited by the hepatic metabolism (2, 3) . What is more, patients especially the psychotics find it difficult to swallow conventional solid dosage forms and, therefore, refuse to take their medications. This is also the case when patients are traveling or having no access to water, which may result in a high incidence of noncompliance and ineffective therapy (4) .
Orally disintegrating tablets (ODTs) have been widely used to improve patient compliance and curative effects with an outstanding performance. ODTs have unique properties that involve the rapid disintegration and/or dissolution in contact with saliva and produce a suspension that can be easily swallowed by the patient without the need for water. Besides, a part of the dissolved drug can be absorbed directly through the pre-gastric route from the mouth, pharynx, and esophagus to produce a rapid pharmacological action or to improve bioavailability for drugs that are susceptible to hepatic first-pass metabolism (5, 6) .
Cyclodextrins (CDs) are cyclic oligosaccharides with hydrophobic internal cavities and hydrophilic outer surfaces. They have been well known to increase the solubility, stability, and bioavailability of hydrophobic drugs by the formation of inclusion complexes (7, 8) . Hydroxypropyl-β-cyclodextrin (HP-β-CD) is a hydroxypropylated derivative of β-cyclodextrin that has attracted growing interest because of its improved inclusion complexing ability, greater water solubility, and lesser toxicity (9, 10) . Literature lacks any data about the CLZ-CD systems and no related dosage forms are available on the market. Therefore, it is valuable to develop CLZ/HP-β-CD ODTs, providing a new oral solid dosage form with rapid onset, high bioavailability, and good patient compliance.
In the present study, we first prepared CLZ/HP-β-CD inclusion complexes by an evaporation method to improve the solubility and dissolution rate of CLZ. Phase solubility studies, differential scanning calorimetry (DSC), X-ray powder diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR) were used to evaluate the complexation of CLZ with HP-β-CD and the formation of true inclusion complexes. Subsequently, characterization and dissolution studies were carried out to evaluate the ODTs prepared by direct compression. Finally, the bioavailability studies of the prepared ODTs were performed by oral administration to rabbits.
MATERIALS AND METHODS

Materials
CLZ was purchased from Hubei Hengshuo Chemical Co., Ltd. (Wuhan, China). HP-β-CD was kindly donated by ISP Technologies, Inc. (Calvert City, Kentucky, USA). Mannitol (Pearlitol® 200 SD) and sodium carboxymethyl starch (Glycolys® STD) were obtained from Roquette Pharm. Co. (Lestrem, France). The other excipients used were microcrystalline cellulose (Ceolus™ KG-1000, Asahi Kasei Chemicals Corp., Tokyo, Japan) and magnesium stearate (Shanhe Pharmaceutical Excipients Co., Ltd, Anhui, China). All other chemicals were of reagent grade and used without further purification.
Animals
Six healthy male New Zealand white rabbits (1.8-2.3 kg) were obtained from the Laboratory Animal Center of China Pharmaceutical University (Nanjing, China). The study and all procedures concerning animals were carried out according to the regulations for animal care and use of China Pharmaceutical University. All procedures with animals were reviewed and approved by the Animal Ethics Committee of China Pharmaceutical University.
Analytical Methods
UV spectroscopy was used to determine CLZ in in vitro dissolution study in our research. The calibration curve of CLZ in phosphate buffer of pH 6.8 at 292 nm exhibited an excellent linearity over a concentration range of 1 to 20 μg/mL with a correlation coefficient of 0.9999.
The concentration of CLZ was detected by HPLC analysis in in vivo bioavailability studies and endogenous components produce no interference in the chromatograms. All the tests were carried out by six replicate determinations to validate the method. The calibration curve of CLZ was linear over the range from 20 to 1,000 ng/mL with the determination coefficient of 0.9999. The calibration curve had the regression equation of Y0725.05X+0.11, where Y was the concentration of CLZ, and X was the peak area ratio of CLZ to internal standard. The precision of the assay was estimated by performing the quality control (QC) samples with low, middle, and high concentrations. The intra-day precision (RSD) was always below 5.9% and the inter-day precision (RSD) was below 6.5%. The extraction recoveries of CLZ at three QC levels were within the range 75∼90%. The lowest limit of CLZ quantification in plasma was 10 ng/mL.
Phase Solubility Studies
Phase solubility studies were performed according to the method reported by Higuchi and Connors (11) . Briefly, excess amounts of CLZ were added to 10 mL of distilled water or acetate buffer solution of pH 4.5 or phosphate buffer solution of pH 6.8 containing serial concentrations of HP-β-CD (0-25 mM) in stoppered glass bottles. The suspensions were vigorously shaken at 25±1°C to reach equilibrium. Samples were done subsequently by filtering through a 0.45-μm microporous membrane and appropriately diluted. The CLZ concentration was determined by UV analysis. Each experiment was carried out in triplicate. The phase solubility diagrams were drawn according to the concentration of HP-β-CD and the totally dissolved CLZ. The apparent stability constants (K s ) were calculated from the diagrams according to the following equation:
where S 0 is the CLZ solubility in the absence of HP-β-CD.
Preparation of Solid Inclusion Complexes
Products of CLZ/HP-β-CD inclusion complexes were prepared in a 1:1 molar ratio based on the results from the phase solubility studies by an evaporation method (12) . The stoichiometric proportion of the drug and HP-β-CD were dissolved in ethanol and further sonicated for 30 min. The obtained clear solution was evaporated until nearly dry. The solid residue was further dried with a vacuum dryer at 40°C for 24 h then milled and passed through an 80-mesh sieve and stored in a desiccator at room temperature.
Characterization of CLZ/HP-β-CD Inclusion Complexes
Differential Scanning Calorimetry DSC analysis was performed using a DSC-204 differential scanning calorimeter (NETZSCH, Germany). All accurately weighed samples were placed in sealed aluminum pans and heated at a constant rate of 10 K/min between 30°C and 300°C temperature ranges under an air flow.
X-ray Powder Diffraction
XRD patterns were collected on a Rigaku-D/MAX-2500PC diffractometer. The samples were irradiated with Nifiltered Cu-Kα radiation, at a voltage of 40 kV, and a current of 40 mA. The scanning rate employed was 0.02°s −1 over a 2θ range of 3-50°.
Fourier Transform Infrared Spectroscopy
The FTIR spectra were recorded on a FTIR spectroscopy (PerkinElmer Spectrum One, Waltham, Massachusetts, USA) by KBr disc technique in the scanning range of 4,000-400 cm
Solubility Studies
Solubility studies were performed by adding excess amounts of CLZ and CLZ/HP-β-CD inclusion complexes to 10 mL of distilled water in sealed glass vials vigorously shaken at 25±1°C. After 48 h, aliquots were withdrawn, filtered, and spectrometrically measured at 292 nm for drug concentration. The experiments were carried out in triplicate.
Preparation of ODTs
Tablets (140 mg) containing 12.5 mg of CLZ (F1) or its equivalent amount of CLZ/HP-β-CD inclusion complexes (F2) and suitable excipients were prepared by direct compression using a GLZP-10A rotary tablet press equipped with 8.5 mm flat facetted punches. The hardness was set to 30 N/mm using a 78X-2 hardness tester. The compositions of the tablets are given in Table I .
Characterization of the Prepared ODTs
Formulated tablets based on formulations F1 and F2 were subjected to different physical characterization studies. Twenty tablets were finely powdered; powder sample equivalent to 12.5 mg of CLZ was accurately weighed and analyzed for drug content by UV spectroscopy. The uniformity of the drug content in tablets was evaluated by determining the contents of ten tablets individually. The weight variation was determined on 20 tablets using an electronic balance. The crushing strength of the ten tablets was measured using the 78X-2 hardness tester. Friability of the tablets was calculated as the percentage weight loss of 50 tablets after rotation for 4 min at 25 rpm using a CJY-300C tablet friability tester. The in vitro disintegration time (DT) was noted using a stopwatch when the tablet completely disintegrated into fine particles, which was placed in the center of a Petri dish (10 cm diameter) filled with 10 mL of distilled water (13) . And the wetting time (WT) was measured according to the reported method (14) . A tablet was put on a twice-folded piece of tissue paper (10×12 cm) in a small culture dish (6.5 cm in diameter) containing 5 mL of distilled water with methylene blue. The time required for the upper surface of the tablet to become blue was taken as the WT.
In Vitro Dissolution Studies
In vitro dissolution studies of tablet formulations were performed according to the China Pharmacopoeia 2010 using the paddle method at 50 rpm in a 1,000-mL phosphate buffer of pH 6.8 maintained at 37±0.5°C. Aliquots of the solution (5 mL) were withdrawn at predetermined time intervals and replaced with an equal volume of fresh medium. The concentration of the CLZ was determined according to the UV method. All the studies were carried out six times.
In Vivo Bioavailability Studies
Drug Administration
Six healthy male New Zealand white rabbits were housed under standard conditions and allowed free access to food and water. All rabbits were dosed following an overnight fasting; food was returned 2 h after dosing. The study was conducted according to a two-period, two-sequence crossover design at intervals of 2 weeks. Six rabbits were randomly divided into two groups. One group received the commercial tablets (containing 50 mg CLZ), whereas the other group received ODTs (F2, containing 50 mg CLZ). During the drug administration, an operator placed each rabbit in a body-restraint device, which exposed the animal's head, and lifted apart the gums with a wooden tongue depressor. Subsequently, ODTs were placed in the rabbit's mouth, wetting with 2 mL of water. At the same time, the operator applied a gentle tension to restrain the mouth of the rabbit for 1 min in order to ensure the complete disintegration of the ODTs as well as the prevention of chewing from the rabbit. For the other group of rabbits, the operator placed the commercial tablets at the back of the pharynx and gave 2 mL of water to facilitate swallowing and to prevent the tablets from sticking to the animal's throat.
Rabbit blood samples were obtained from the ear marginal vein before administration and at predetermined time intervals after administration (0.5, 0.75, 1, 1. 
Preparation and Analysis of Blood Samples
All samples were immediately centrifuged at 3,000 rpm for 10 min, after which the plasma layers were collected and stored at −20°C until HPLC analysis. Frozen plasma samples were thawed at ambient temperature. Plasma (0.1 mL) was thoroughly mixed with a 10-μL perphenazine solution (8,000 ng/mL) as an internal standard and 1 mL of ether. This mixture was vortexed for 2 min and centrifuged at 4,000 rpm for 10 min to precipitate the proteins. The supernatant was removed, transferred to a test tube, and evaporated to dryness under nitrogen in a 40°C water bath. The residue was reconstituted in 100 μL of the mobile phase, vortex mixed for 2 min, centrifuged at 15,000 rpm for 10 min, and the clear supernatant (20 μL) was injected into the HPLC system.
The HPLC system was performed on a Shimadzu chromatographic system equipped with an LC-10ATvp solvent delivery pump, SPD-10Avp UV detector, and Class VP Chromato software. CLZ was analyzed using an ODS C18 column (150× 4.6 mm i.d., 5 μm, Shimadzu, Japan) at room temperature. The mobile phase consisted of 75:25 (v/v) methanol-water with 0.03 mol/L ammonium acetate. The analysis was run at a flow rate of 1.0 mL/min, and detection wavelength was at 254 nm.
Pharmacokinetic and Statistical Analysis
The pharmacokinetic parameters of CLZ were calculated by non-compartmental pharmacokinetic models using Kinetica® software (version 4.4.1). The maximum CLZ concentration (C max ) and corresponding peak time (T max ) were obtained directly from the plasma concentration-time profiles. The area under the plasma concentration-time curve from time zero to the last measured concentration (AUC 0−t ) was calculated by the trapezoidal rule. The terminal elimination rate constant (λ z ) was estimated by linear regression of the terminal portion of the log plasma concentration vs time curve, and the elimination half-life was calculated. AUC 0 − ∞ was the corresponding area All quantities in milligrams CLZ clozapine extrapolated to infinity calculated by AUC 0−t +C t /λ z , where C t was the last measurable drug concentration. All data are expressed as mean±standard deviation (SD). The differences in the average of data were compared by simple analysis of variance using the software SPSS Statistics (version 17.0, Chicago, USA), in which p<0.05 was considered to be significant. C max , AUC 0 −t , and T max were considered as primary variables to assess the bioequivalence between the CLZ/HP-β-CD ODTs and the commercial tablets. The logarithmic transformation of the C max and AUC 0−t values were subjected to the analysis of variance and one-sided t tests. The formulations were considered bioequivalent if the 90% confidence intervals (90% CI) for the ratio of C max and AUC 0−t fell within 80-125% (15) . Figure 1 shows the phase solubility diagrams of CLZ/HP-β-CD in three different aqueous solutions. The apparent solubility of the CLZ increased linearly with the concentrations of HP-β-CD. Therefore, all of them can be considered as A Ltype diagrams, indicating the formation of the 1:1 inclusion complexes in the systems. The K s values and the corresponding phase solubility diagrams are summarized in Table II . Figure 2 illustrates the DSC profiles of pure components, their physical mixtures, and inclusion complexes. The curve of physical mixture systems can be regarded as the superimposition of those of the pure components, as the endothermic peak of CLZ (180.0°C) and HP-β-CD dehydration peaks (80°C) are clearly distinguishable and almost do not change. However, the complete disappearance of the CLZ endothermic peak was observed in CLZ/HP-β-CD inclusion complexes. However, a total drug amorphization was recorded for inclusion complexes, indicating the formation of inclusion complexes. Figure 4 shows the FTIR spectra of CLZ, HP-β-CD, the physical mixtures, and the inclusion complexes. The FTIR spectrum of the physical mixtures showed the main absorption bands of the drug and the HP-β-CD, but some peaks were slightly shifted showing some signs of interaction between the CLZ and HP-β-CD. In case of spectra of inclusion complexes, the peaks appeared at 2,844.4 cm −1 , 2,799.4 cm −1 (C-C stretching due to a CH 2 group), and 1,200∼1,000 cm −1 (C-N stretching due to the tertiary amine) and disappeared completely while the intensity of other bands was decreased sharply but still observed.
RESULTS
Phase Solubility Studies
Inclusion Complexes Characterization
Differential Scanning Calorimetry
X-ray Powder Diffraction
Fourier Transformation Infrared Spectroscopy
Solubility Studies
The solubility of raw CLZ and CLZ/HP-β-CD inclusion complexes was 13.36 ± 1.56 and 1,015.38 ± 1.06 μg/mL, respectively. The inclusion complexes were clearly more soluble than CLZ alone, and the improvement was almost 76 times.
Characterization of the Prepared ODTs
The properties of the prepared ODTs (F1, F2) such as weight variation, hardness, friability, drug content, DT, and WT met the China Pharmacopoeia 2010 requirements as shown in Table III . Content uniformities were found to be good where the percentages of both of the drug contents were more than 98%.
In Vitro Dissolution Studies
The dissolution profiles for CLZ commercial tablets, CLZ ODTs, and CLZ/HP-β-CD ODTs are shown in Fig. 5 . It is evident that the inclusion complexes remarkably improved the dissolution rate of CLZ compared to CLZ alone. CLZ dissolved from formulation F1 at 1 and 10 min was 2.8± 2.2% and 9.5±1.3%, respectively, while that of the formulation F2 was found to be 53.2±2.3% and 88.2±1.8%, respectively. There was a 19-fold and a 9.3-fold increase in the dissolution at 1 and 10 min in comparison with that of formulation F1 and also a 7.6-fold and a 3.9-fold in comparison with that of the commercial tablets, significantly improving the dissolution of the drug.
In Vivo Bioavailability Studies Figure 6 shows the mean serum concentration-time profiles of the CLZ after oral administration of the commercial tablets and the CLZ/HP-β-CD ODTs. The relevant pharmacokinetic parameters are listed in Table IV . The plasma levels of CLZ after administration of the ODTs were clearly faster and higher than those of the commercial tablets. In particular, the T max after the administration of commercial tablets was observed at 2.42 h; however, the ODTs resulted in the rapid appearance of CLZ in plasma, attaining the T max after 0.67 h. In addition, the value of C max for the ODTs (841.53 ± 165.28 ng/mL) was 1.4-fold in comparison with that of the commercial tablets (590.35±83.18 ng/mL). The differences between the two formulations for C max and T max were statistically significantly different (p<0.05). The relative bioavailability of the ODTs/the commercial tablets for AUC 0−t and AUC 0−∞ was 116.85% and 115.60%, respectively. The analysis of variance suggested no period effects on log-transformed C max and AUC 0 − t ; however, significant formulation effects were detected for C max and AUC 0− t . The 90% CIs of the ratios of the test ODTs/the commercial tablets for the logtransformed C max and AUC 0−t were 121.9% to 135.3% and 99.6% to 138.3%, respectively; all of which did not fell within the predefined bioequivalence criteria of 80% to 125%. ) is 12-fold smaller than that in the pH 6.8 buffer (847.35 M −1 ), indicating that the ability of inclusion between the CLZ and HP-β-CD is smaller in acidic media than that in neutral media. Since CLZ is a weak basic drug (pK a 07.5), its ionized form of high solubility is predominant in acidic media. These ionized molecules with lower hydrophobicity should produce weaker interactions with the hydrophobic cavities of HP-β-CD compared with the unionized ones (16) . It might be concluded that the ionization of CLZ plays an important role in complexation. Similar observations have been reported by other authors (17, 18) . K s value is an index used to evaluate the capability of CDs to form inclusion complexes with a drug. If the K s is too small, there is little improvement in the solubility of the drug. On the other hand, if the K s is greater than 10,000 M −1 , indicating strong complexation, the inclusion complexes cannot dissociate easily and not be absorbed, finally resulting in decreased bioavailability compared with drugs dosed alone (19) . From the K s values derived from the phase diagrams, it can be concluded that the complexation between the CLZ and HP-β-CD is weak in a pH 4.5 acetate buffer and moderate in a pH 6.8 phosphate buffer. These results indicated that dissociation of the CLZ from the complexes would not be a problem in such conditions.
The formation of inclusion complexes between CLZ and HP-β-CD was confirmed by DSC, XRD, and FTIR studies. It was observed in the DSC profiles that the CLZ endothermic peak completely disappeared in the CLZ/HP-β-CD inclusion complexes, indicative of the complete amorphization of the system and/or the inclusion complexes formation (20, 21) . XRD studies indicated the crystalline nature of CLZ and amorphous nature of HP-β-CD. The diffractograms of inclusion complexes showed complete reduction in crystallinity and displayed a typical diffuse pattern, indicating a total drug amorphization. Lack of crystallinity is an added evidence for the formation of the inclusion complexes (22) . Accordingly, taking into account the results of the DSC analysis, we can assume the formation of new solid phases, probably due to the formation of inclusion complexes. What is more, in the spectra of the inclusion complexes, the characteristic bands of the CLZ appeared at 2,844.4 cm
, 2,799.4 cm −1 (C-C stretching due to a CH 2 group), and 1,200∼1,000 cm −1 (C-N stretching due to the tertiary amine) disappeared completely while the intensity of other bands decreased sharply but were still observable, suggesting that the piperazine side chain was embedded into the cavity. These results served to confirm the existence of strong interaction between the CLZ and HP-β-CD and the formation of true inclusion complexes.
The hardness of the prepared ODTs was maintained in the range of 30∼40 N/mm and the friability was found to be below 1%, indicating the sufficient structural integrity to withstand handling without substantial breakage. On the other hand, ODTs of CLZ/HP-β-CD inclusion complexes exhibited short DT (15.3±1.5 s) and WT (36.5±1.2 s), reflecting rapid disintegration and dissolution in the mouth. The dissolution studies of ODTs showed a significant increase of CLZ dissolution rate in the case of inclusion complexes. This fact could be attributed to the formation of soluble inclusion complexes, amorphization of the drug and, consequently, reduction of the crystallinity, and solubility increase (23) .
The oral absorption of CLZ was evaluated using the rabbit as the animal model, due to its convenient size, easy handling, and the nonkeratinized oral mucosa that closely resembles human sublingual and buccal tissues (24, 25) . The concentration-time profiles of CLZ showed a faster and higher absorption in rabbits of the ODTs compared with the commercial tablets. These results could be due to the rapid disintegration and dissolution of the drug in the saliva, resulting in very fast absorption from the mouth mucosa, which may result in the reduction of hepatic first-pass effects of CLZ. On the other hand, only the free form of the drug can pass through the lipid barrier of the gastrointestinal tract. After oral administration of cyclodextrin complexes, the drug absorption is largely dependent upon the magnitude of K s as well as the solubility and dissolution rate of the inclusion complexes. The inclusion complexes with a high magnitude of K s might lead to a retarding effect on drug dissociation from the cyclodextrins, resulting in a reduction of bioavailability (26, 27) . In the present study, since the K s value of complexes is relatively low, it seems very unlikely that it has a negative influence in complexes dissociation. Thus, we can conclude that the higher solubility, dissolution rate, and the suitable K s magnitude of the complexes are conducive to improving the oral bioavailability of CLZ.
CONCLUSION
The CLZ ODTs containing CLZ/HP-β-CD inclusion complexes were prepared by direct compression in this study. The prepared ODTs exhibited short DT (15.3±1.5 s) and WT (36.5±1.2 s) and rapid drug dissolution, improving the solubility and dissolution rate of CLZ. The in vivo studies in rabbits suggested a faster absorption rate and a higher absorption extent of CLZ/HP-β-CD ODTs in comparison with the commercial tablets. Hence, this "patient-friendly dosage form" could be a useful alternative to the commercial tablet with regards to its improved patient compliance, rapid onset of action, and increase in bioavailability.
